26 Meiotic recombination initiates via DNA double strand breaks (DSBs) generated by SPO11 27 topoisomerase-like complexes. Recombination frequency varies extensively along eukaryotic 28 chromosomes, with hotspots controlled by chromatin and DNA sequence. To map meiotic 29 DSBs throughout a plant genome, we purified and sequenced Arabidopsis SPO11-1-30 oligonucleotides. DSB hotspots occurred in gene promoters, terminators and introns, driven 31 by AT-sequence richness, which excludes nucleosomes and allows SPO11-1 access. A 32 strong positive relationship was observed between SPO11-1 DSBs and final crossover 33 levels. Euchromatic marks promote recombination in fungi and mammals, and consistently 34 we observe H3K4 me3 enrichment in proximity to DSB hotspots at gene 5'-ends. Repetitive 35 transposons are thought to be recombination-silenced during meiosis, in order to prevent 36 non-allelic interactions and genome instability. Unexpectedly, we found strong DSB hotspots 37 in nucleosome-depleted Helitron/Pogo/Tc1/Mariner DNA transposons, whereas 38 retrotransposons were coldspots. Hotspot transposons are enriched within gene regulatory 39 regions and in proximity to immunity genes, suggesting a role as recombination-enhancers. 40 As transposon mobility in plant genomes is restricted by DNA methylation, we used the met1 41 DNA methyltransferase mutant to investigate the role of heterochromatin on the DSB 42 landscape. Epigenetic activation of transposon meiotic DSBs occurred in met1 mutants, 43 coincident with reduced nucleosome occupancy, gain of transcription and H3K4 me3 . 44 Increased met1 SPO11-1 DSBs occurred most strongly within centromeres and Gypsy and 45 CACTA/EnSpm coldspot transposons. Together, our work reveals complex interactions 46 between chromatin and meiotic DSBs within genes and transposons, with significance for the 47 diversity and evolution of plant genomes.
Introduction
Results 154 155 Purification and sequencing of Arabidopsis SPO11-1-oligonucleotides 156 In order to map meiotic DSBs throughout the Arabidopsis genome we sought to purify and 157 sequence SPO11-1-oligonucleotides (Pan et al. 2011; Grelon et al. 2001) . We generated a 158 6×Myc translational fusion at the C-terminus of Arabidopsis SPO11-1, driven by the 159 endogenous promoter, which fully complements spo11-1 fertility and crossover frequency, Table S1 ) (Berchowitz and Copenhaver 2008; Grelon et al. 2001) . To analyze SPO11-1-Myc 162 during meiosis we performed immunocytology using α-Myc antibodies. SPO11-1-Myc foci 163 were detected from leptotene until pachytene stage, associated with the meiotic 164 chromosome axis, which was visualized by co-immunostaining for the ASYNAPTIC1 (ASY1) 165 HORMA domain protein ( Fig. 1C and Supplemental Fig. S2 ). SPO11-1-Myc foci showed a 166 comparable number (mean=204.6 foci, n=10) and duration to those reported for its binding Table S3 ). The majority (92.2-93.4%) of SPO11-1-202 oligonucleotide reads (hereafter called SPO11-1) aligned uniquely, and multiple-mapped 203 reads with equal alignment scores were randomly assigned ( Fig. 1H and Supplemental Table   204 S2).
206
Genomic landscapes of SPO11-1-oligonucleotides, crossovers, euchromatin and 207 heterochromatin 208 We analyzed SPO11-1 levels in 10 kb windows and plotted DSB frequency throughout the 209 Arabidopsis genome ( Fig. 2A-2C scale there was a positive correlation between SPO11-1 and crossover frequency (r=0.593) 249 ( Fig. 2C ). However, there was also significant variation in the ratio of SPO11-1 to crossovers 250 along the chromosome arms ( Fig. 2C ), which may reflect modification of recombination To investigate control of DSB levels we ranked genes according to SPO11-1 in 500 bp 306 windows upstream of gene TSS (promoters), or downstream of TTS (terminators) ( Fig. 3C ).
307
Levels of promoter SPO11-1 did not strongly associate with terminator levels, showing that 308 meiotic DSBs vary independently at opposite ends of genes ( Fig. 3C ). We used the SPO11-1 309 promoter ranking to look at associated variation in nucleosome occupancy (MNase) and 310 H3K4 me3 levels. High SPO11-1 promoters strongly associate with lower promoter 311 nucleosome occupancy, consistent with DNA accessibility being a major determinant of 312 Arabidopsis DSB levels ( Fig. 3D ). In contrast, H3K4 me3 levels within genes did not show a 313 strong association with promoter SPO11-1 levels (Fig. 3E ). This supports a recombination- was observed in both genes and transposons (Fig. 5A-5B and Supplemental Tables S9-375   S11 ). In the high SPO11-1 regions, we also observe quantitative enrichment of AT-rich 376 sequence motifs that have previously been associated with high crossovers (Fig. 5A-5B 2009), we propose that these motifs cause higher SPO11-1 accessibility via this effect, 380 leading to higher DSB formation and crossover frequency ( Fig. 5A-5B ).
382
We also note that high SPO11-1 genes and transposons show close proximity to one 383 another ( Fig. 5A-5B ). Helitron transposons are known to insert into AT dinucleotides they further contribute to nucleosome exclusion and high meiotic DSB levels ( Fig. 5A-5B) .
388
High recombination rates may also provide an explanation for the tendency of DSB hotspot 389 transposons to be shorter ( Supplemental Tables S8-S9 Meiotic DSB hotspot transposons are enriched in proximity to immunity genes 395 To investigate genes associated with high DSB levels, we tested for enrichment of Gene 396 Ontology (GO) terms, following ranking by promoter SPO11-1 levels (Fig. 3C) . This revealed 397 a strong association with biotic defense GO terms ( Supplemental Table S12 ), which was 398 driven by high recombination DEFENSIN genes (Supplemental Fig. S6E-S6F Table S13 Arabidopsis (Stroud et al. 2013; Saze et al. 2003; Kankel et al. 2003) . In met1 mutants 450 cytological decondensation of heterochromatin occurs, together with elevated transposon transcription and mobility (Mathieu et al. 2007; Saze et al. 2003; Kato et al. 2003 At the chromosome-scale met1-3 shows pronounced loss of CG DNA methylation within the 457 centromeric regions (Stroud et al. 2013) . We observe that this is mirrored by an increased 458 centromeric SPO11-1 differential between met1 and wild type (ΔSPO11-1) (Fig. 6A) . The 459 met1 ΔSPO11-1 differential also strongly negatively correlates with the met1 nucleosome 460 differential (r=-0.879), and positively with the met1 H3K4 me3 differential (P=0.837) (Fig. 6A) .
461
This shows that loss of CG DNA methylation causes broad-scale gain of both meiotic To analyze changes in recombination at the fine-scale, we compared SPO11-1 levels within 469 transposons between wild type and met1 (Fig. 6B) . 12,224 transposons (41.9%) showed net 470 gain of SPO11-1 in met1 (Fig. 6B) . These recombination-activated transposons also show 471 significantly reduced nucleosome occupancy, elevated H3K4 me3 and increased transcription 472 in met1 (ANOVA all P=<2.50×10 -6 ) (Fig. 6B) . This is consistent with the trends observed at (Fig. 7A) .
504
To further analyze the interaction of chromatin structure and meiotic DSBs, we identified 505 74,401 highly positioned nucleosomes in wild type from our MNase-seq data. Of these 506 positions 30,276 showed reduced nucleosome occupancy in met1 (Fig. 7B) . These 507 nucleosome positions show high CG methylation in wild type, with peak m CG levels 508 immediately flanking the central nucleosomal peak (Fig. 7C) . In met1, CG methylation is lost 509 at these positions, which is coincident with significantly reduced nucleosome occupancy and 510 increased SPO11-1 DSBs (ANOVA all P=<2.2×10 -16 ) (Fig. 7B) SPO11-1-Myc spo11-1 For SPO11-1-oligonucleotide data FASTQ files were trimmed for 3′-adapter sequences using 802 the FASTX-Toolkit function fastx_clipper (http://hannonlab.cshl.edu/fastx_toolkit/). For the 803 wild type libraries RPI1 and RPI3 5 bp were trimmed from the read 5′-ends, while for other 804 libraries 10 bp were cropped, due to longer adapter sequences. Trimmed reads were aligned 805 to the TAIR10 reference sequence using bowtie2 with the following settings: --very-sensitive 806 -p 4 -k 10. Aligned reads were filtered to have 2 or fewer mismatches. Reads with the SAM 807 optional field "XS:i" were dropped to obtain unique alignments. Reads with multiple valid 808 alignments were filtered for MAPQ scores of 10 or higher, and the highest value alignment 809 kept. In the event that a read had multiple alignments with equal MAPQ scores, one was randomly chosen. Unique and multiply aligning reads were then deduplicated using 
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